Clinically relevant antibiotics that target the ribosomal peptidyl transferase center (PTC), a highly conserved ribosomal region, exert their inhibitory action by exploiting the flexibility of PTC nucleotides, which trigger modulations of the shape of the antibiotic binding pocket. Resistance to these antibiotics was observed clinically and in vitro. Based on the crystal structures of the large ribosomal subunit from eubacterium suitable to represent pathogens in complex with these antibiotics, it was found that all nucleotides mediating resistance to PTC antibiotics cluster on one side of the PTC. Over half of the nucleotides affecting resistance reside in regions of lower sequence conservation, and are too distal to make Van der Waals interactions with the bound drugs. Alterations of the identity of these nucleotides may not lethally affect ribosome function, but can hamper antibiotic binding through changes in the conformation and flexibility of specific PTC nucleotides. Comparative analysis revealed properties likely to lead to cross-resistance and enabled their parameterization. As the same nucleotides are frequently involved in resistance to more than a single family of antibiotics, the common pattern explains medically observed cross-resistance to PTC antibiotics and suggests the potential for a wider clinical threat.
R
ibosomes, the universal nanomachines translating the genetic code into proteins, are riboprotein assemblies that play a key role in cell vitality. Hence, they are targeted by various antibiotics that exert their antimicrobial effects by interacting predominantly with ribosomal RNA (rRNA), the main constituent of the ribosomal functional regions. Clinical usefulness requires discrimination between pathogenic eubacteria and mammalian cells. The high conservation of the ribosomal functional sites (1) implies severe limitations on antibiotics selectivity. Typically, selectivity in binding of ribosomal antibiotics is governed by the identity of a single or a few nucleotides. An example is the MLS B group (macrolides, lincosamides, and streptogramins B ) (2) that act by blocking the nascent protein exit tunnel (3) (4) (5) (6) (7) (8) . Nucleotide 2058 (Escherichia coli nomenclature throughout), the main determinant of the binding of antibiotics belonging to this family, is an adenine in eubacteria and a guanine in eukaryotes and archaea. Consequently, MLS B resistance mechanisms are typically based on minimizing drug binding by A3 G mutation or methylation by erm methyltransferase genes (2) . However, although A2058G mutation confers resistance, G2058A mutation, does not always lead to inhibitory action, because additional structural elements that inf luence the shape of the antibiotics binding pocket determine the antibiotic effectiveness (9 -11) .
Although the peptidyl transferase center (PTC) is one of the most conserved regions of the ribosome, several antibiotics bind to the eubacterial PTC with high affinity and great specificity. Parameters allowing selectivity and effectiveness of PTC antibiotics were revealed by analyzing crystal structures of complexes of large ribosomal subunits from the eubacteria Deinococcus radiodurans, D50S, and the archaeon Haloarcula marismortui, H50S, with the clinically useful antibiotics from the phenicols, lincosamides, pleuromutilins, streptogramins A , oxazolidinones families (9, 10, (12) (13) (14) (15) (16) (17) (18) , as well as with the yet to be used clinically methymycin (19) and lankacidins (unpublished work). These indicated that chloramphenicol, linezolid, and methymycin hamper A site tRNA binding; pleuromutilins, streptogramins A , and lankacidin hamper A and P site tRNAs accommodation; and clindamycin interferes with peptide bond formation. The structures of D50S/pleuromutilins revealed an elaborate binding mode, a unique inhibitory mechanism and a strategy for acquiring selectivity despite the extremely high sequence conservation (12, 16) . Thus, pleuromutilins selectivity is determined by nucleotides residing remote from the PTC and, hence, are less conserved; pleuromutilins binding triggers an induced-fit mechanism that exploits the flexibility of nucleotides residing in and around the PTC, particularly U2585 and U2506, for tightening the binding pocket (16) .
Cross-resistance is the tolerance to a specific antibiotic by strains that are resistant to antibiotics from other families. In many cases these share approximately the same binding site but may use different interactions with the binding pocket. It is rather common in the MLS B group. Thus, erythromycin resistance by A2058 methylation that was first observed after short exposure to submicromolar drug concentrations in strains of Staphylococcus aureus (20) was soon detected in strains that became tolerant to the other MLS B group members (1). Data on cross-resistance between PTC antibiotics (21) (22) (23) (24) (25) , which stimulated recent attempts to overcome it (e.g., refs. [26] [27] [28] , indicated the existence of common resistant patterns. Consistently, overlapping binding sites were detected in crystal structures of PTC antibiotics with D50S (3, 16, 18, 19) and H50S (17) (Fig. 1) . Specifically, crystal structures of complexes of 4 pleuromutilins, obtained at clinically relevant concentrations, show that their common tricyclic cores bind in almost identical fashion to a tight pocket, and that nucleotide U2504 appears to meditate conformational rearrangements at its binding surface (12, 16) . As mutations conferring resistance to the pleuromutilin tiamulin cluster in the vicinity of this nucleotide (29) , similar mutations are likely to affect the entire family (16) .
Here, we report results of comprehensive structural analyses of the spatial distributions of nucleotides that affect resistance to PTC antibiotics. Because, so far, there are no crystal structures of ribosomes from genuine pathogens, we based the analyses mainly, but not exclusively, on structures of ribosomes from the eubacteriuim D. radiodurans, which proved to be a suitable model for ribosomes of several pathogens, in complexes of antibiotics belonging to 5 PTC families. The identification of structural elements allowing alteration of the binding sites by remote mutations revealed common characteristics governing feasible mechanisms by which cross-resistance between compounds of diverse chemical nature could be acquired.
Results
The spatial distribution of nucleotides associated with resistance to PTC antibiotics identified by various noncrystallographic methods [supporting information (SI) Table S1 ] mapped onto D50S crystal structure ( Fig. 2 and Fig. S1 ), indicates that almost all of the nucleotides mediating resistance are clustered in a distinct region, although the PTC surroundings offer various nucleotides for antibiotics binding, some of which can be mutated without losing cell vitality (30) . This region is located farthest from the intersubunit interface and stretches into the entrance to the nascent protein exit tunnel ( Fig. 2 and Fig. S1 ). The only outlier is the highly flexible nucleotide A2062, which is located closer to the subunit interface and was detected in different orientations in complexes of various antibiotics, namely chloramphenicol (3), streptogramin A (14) , lankacidin (unpublished work), and methymycin (19) .
For describing the locations of the nucleotides mediating antibiotics resistance, the PTC was divided by an artificial plane into 2 regions: one contains components participating in resistance mutations, and the other consists of nucleotides that are not involved in resistance. This artificial plane is defined by 2 perpendicular imaginary axes, namely the imaginary 2-fold symmetry axis (32, 33) and the line connecting the bases of nucleotides G2553 and G2251 (Fig. S1) ; the 2 nucleotides that are located at the boundaries of the space consumed by the rotatory motion of the translocating AtRNA 3Ј end from the A to the P site, and are engaged in Watson-Crick pairing with both tRNAs (Fig. S1) . Thus, the translocation of A site tRNA required for nascent chain elongation is performed by 2 correlated motions: sideways progression of most of the tRNA molecule together with the mRNA by 1 codon at the time, and a rotatory motion of the aminoacylated 3Ј end of the A site tRNA around the bond connecting it to the rest of the tRNA molecule. This bond coincides with the rotation axis of a pseudo-symmetrical region, comprising 180 and located in and around the PTC (32, 33) within the otherwise asymmetric ribosome. When viewing from the subunit interface, the PTC wall associated with PTC antibiotics resistance is located behind the site of peptide bond formation (called the PTC ''rear wall''). It is the main constituent of PTC region that navigates and guides the translocation of the A-tRNA 3Ј end from the A to the P site, by creating extensive transient interactions of its backbone. Fig. 3A shows that, for clinically relevant complexes, half of the nucleotides mediating resistance to PTC antibiotics are located at distances of 6-12 Å from the affected antibiotic. For instance, pleuromutilins resistance is acquired by mutations of remotely located nucleotides of the 23S RNA as well as of residues of r-protein L3 (12, 16, 29) . Fig. 3B shows that approximately half of the nucleotides involved in resistance to PTC antibiotics affect 2 or more different families. In some cases resistance to drugs from up to 5 different antibiotics families are associated with same nucleotide (Table S1 and Fig. 3B ). Similar results were obtained when resistance mutations observed for the archaeon Halobacterium halobium (34) (35) (36) were included (Fig. 3B) .
Confining the resistance space to a single region in the PTC ( Fig.  2 and Fig. S1 ), regardless of the bacterial species and the used methodology indicates a functional distinction between the 2 sides of the PTC. Limiting the mutations to the PTC rear wall is consistent with the finding that the rear wall backbone, rather than its bases, plays a crucial functional role in guiding the translocation of A site tRNA 3Ј end from A to P site during peptide bond formation (32, 33) .
Discussion
Resistance to PTC Antibiotics Is Frequently Acquired by Mutating Remote Nucleotides. Because the PTC is highly conserved, the mechanisms for acquiring resistance are based on altering the conformation and the flexibility of nucleotides residing remotely. This trend is represented by Fig. 3A , which shows that approximately half of the nucleotides mediating antibiotic resistance reside at distances Ͼ6 Å from the affected bound drug. Because such distances are too long for direct interactions with the drugs, resistance mechanisms to PTC antibiotics appear to be assisted by additional nucleotides capable of forming remote interactions that, in turn, alter the conformation and the flexibility of the binding pocket surface.
Because altering the identity of PTC nucleotides in the immediate vicinity of the antibiotics is unfavorable, a common mechanism for acquiring resistance to PTC antibiotics is mediated by altering remote nucleotides (Fig. 3A) . Indeed, proximity limitations would have severely limited the nucleotides pool, which in principle can be increased significantly (e.g., by approximately the power of 3) with respect to the distance between the altered nucleotide and the antibiotic binding site. However, because of the requirement to trigger progressive conformational rearrangements, there is an upper limit for the nucleotides that can be included in the pool. Therefore, nucleotides residing at relatively large distances (Ͼ Ϸ10Å) from the binding site are less likely to significantly alter its conformation. Hence, the advantage of increasing the pool of potential nucleotides by including nucleotides residing far from the binding site is compromised by their minute contribution to resistance, consistent with the existence of relatively fewer such cases. This effect can be somewhat compensated by altering more than a single nucleotide, as observed for pleuromutilins (29) .
Resistance acquired by remote mutations has also been observed in other antibiotics families. For example, erythromycin resistance can result from mutations in r-proteins L4 and L22 (37, 38) which do not interact directly with the bound drug (3). However, because resistance to macrolides can be acquired by alterations of nucleotides that interact with the drug, such as A2058, it seems that remotely acquired resistance to macrolides is an alternative mechanism, contrary to resistance to PTC antibiotics that is typically mediated by remote interactions.
U2504 at the Crossroad of Remote Mutations Networks That Hamper
Binding of PTC Antibiotics. U2504, which plays pivotal roles in resistance to PTC antibiotics, belongs to the binding pockets of phenicols (3), lincosamides (3, 13) , pleuromutilins (12, 16) (Fig. 4 and S2a-r) and oxazolidinones (17, 18) . Mutations of U2504 were shown to promote resistance to pleuromutilin in the veterinary pathogens Brachyspira pilosicoli and Brachyspira hyodysenteriae (29) and to linezolid in the archaeon H. halobium (36) . However, because it resides close to the PTC center, in the first layer of the PTC nucleotides that define the binding pocket surface, its alteration is expected to cause serious problems or be impossible. Consequently, altering neighboring nucleotides that can remotely affect 2504 may circumvent its essentiality. A mechanism by which U2504 is being perturbed by mutations of proximal nucleotides was suggested for tiamulin resistance (29) . This mechanism was later extended to be the general mechanism for resistance and selectivity of the pleuromutilin family, based on comparative crystallographic studies (16) . Likewise, linezolid resistance was shown to be acquired by a mutation in nucleotide G2576 (G2576U) (23, 37, 39) that is located Ͼ6 Å away from the bound drug (17) , but can affect the conformation of nucleotide U2504.
Notably, in many cases, albeit not in all eubacteria, U2504 is a pseudouridine (40, 41) . Nevertheless, regardless of being uridine or pseudouridine, in all known structures of eubacterial ribosomes, U2504 makes similar interactions with its neighboring nucleotides (e.g., 2447) (42) (43) (44) (45) (46) . Interestingly, although this posttranslational modification is not necessary for smooth function of eubacterial ribosomes, it was linked to resistance to PTC antibiotics, because E. coli strains deficient of it are more susceptible to tiamulin, clindamycin, and linezolid (47) . The elevated susceptibility by the loss of posttranscriptional modification can be attributed, in part, to the centrality of this nucleotide in the binding pocket of PTC antibiotics. The same rationale, namely, the centrality of nucleotide U2504, explains why the key role played by this nucleotide in PTC resistance mechanism is independent of the presence or absence of the additional potential interactions that may exist in pseudouridine compared with unmodified nucleotide.
Second Layer Nucleotides. The conformation and flexibility of nucleotide 2504 is dictated by 5 nt residing within the second layer from the PTC wall, namely U2500, A2453, C2055, A2572 and G2447. The base pair U2500:A2453 forms a planar barrier that prevents U2504 from tilting away from the PTC (42, 44) (Fig. 4B and Fig. S2b) . Thus, disruption of this pairing should release this planar barrier and enable U2504 to flip away from the PTC, in accord with the appearance of resistance to linezolid in clinical S. aureus isolates carrying a mutation U2500A (48) and in H. halobium strains carrying either of the induced mutations U2500C, A2453G, or A2453C (36), all of which are predicted to destabilize the U2500:A2453 base pair.
G2447 is an additional nucleotide residing in the second layer that forms close contacts (Ϸ3Å) with U2504 ( Fig. 4 C and D and Fig. S2 c-h) . In D50S its interactions with U2504 involve a hydrogen bond between O4 carbonyl of the uracil base of U2504 and N3 of G2447 (Fig. 4C and Fig. S2e ). In the structures of Thermus thermophilus ribosomes (T70S) (44, 46) (Fig. 4C and Fig. S1e) and of E. coli (E70S) (45) O4 of U2504 faces the carbonyl O6 of G2447 base. In all structures G2447 stacks to U2500 (Fig. 4D and Fig. S2f ) and thus restrains its conformation and indirectly facilitates further stabilization of U2504 by U2500. Hence, it is not surprising that although G2447 does not interact with any PTC antibiotics, its mutation G2447U (Fig. S2h ) confers resistance to linezolid in E. coli (49) and Mycobacterium smegmatis (50) , as well as to tiamulin in E. coli (23) and B. hyodysenteriae (29) . Furthermore, E. coli and Bacillus stearothermophilus ribosomes carrying the mutation G2447A (Fig. S2g) are not impaired by chloramphenicol in peptide bond formation in vitro (51), as positions 1 and 6 in this purine undergo a polar inversion in which both H bond donors become acceptors and vice versa. The conversion from purine to pyrimidine, followed the mutation G2447U, should result in exclusion of all interactions between these 2 nt (Fig. S2h) , as well as lose the stacking interaction with U2500.
Whereas U2500, A2453, and G2447 limit potential motions of U2504 base, both C2055 and A2572, located Ϸ3 Å away from it, block its ribose sugar from shifting away from the PTC (Fig. S2 i and  j) . The involvement of C2055 and A2572 in restraining U2504 conformation and flexibility is further supported by the tiamulinresistant isolate of B. hyodysenteriae that carries both the mutations A2572U and C2055A (29) (Fig. S2j) , although they are located 6-8 Å away from the bound drug. The purine to pyrimidine conversion after A2572U mutation releases the sterical hindrance of U2504 ribose sugar. In contrast, pyrimidine to purine conversion caused by the mutation C2055A can provide stacking interface that stabilizes U2504 in an altered conformation, with its base tilted away from the PTC, as observed for H50S (43) , where nucleotide 2055 is an adenine. Thus, the different environments of U2504 in the eubacteria D50S and the archaea H50S, which is closer to eukaryotes in this aspect, explain the selectivity of pleuromutilins (16) .
Third Layer Nucleotides. Alteration in the PTC surface can be performed also by third layer nucleotides. Among them nucleotide 2032, a highly conserved guanine in bacteria (Ͼ94%), is involved in resistance to PTC antibiotics of 4 different families although it reside 6-8Å from each of the bound drugs. Thus, the mutation G2032A (Fig. 4 E-G and Fig. S2 n-r) confers resistance to the antibiotics chloramphenicol, clindamycin (52) , and linezolid (49) in E. coli but not in T. thermophilus (53) . The same mutation in B. hyodysenteriae, together with L3 r-protein mutation Asn148Ser, confers resistance to tiamulin (29) . In addition, elevated minimum inhibitory concentrations (MICs) of linezolid were observed for E. coli strains carrying the mutations G2032U and G2032C (49) .
The base of G2032 in T70S is tilted by 90°with respect to the corresponding nucleotide in D50S (Fig. 4G and Fig. S2m ), indicating its flexibility. In T70S carbonyl O6 of G2032 forms a hydrogen bond with O2Ј hydroxyl of nucleotide A2453 and its secondary amine N1 forms a hydrogen bond with O4Ј of A2572 (Fig. S2n) . G2032A mutation should lead to hydrogen bond acceptor imine at position N1 of adenine instead of the donor amine at position N1 of guanine. Additionally, the acceptor O6 carbonyl will be replaced by a primary amine that can act as a donor (Fig.  S2o) . These 2 polar inversions are likely to result in local repulsions that will force nucleotides A2453 and A2572 to adopt a slightly altered U2504 conformation. In D50S the secondary amine N1 of G2032 is located within a short distance (Ϸ2.5Å) from the pyrimidine ring carbonyl oxygen of the proximal C2055 (Fig. S2p) . Hence, in the G2032A mutant the secondary amine hydrogen in position . rRNA is gray, pink, or orange for D50S, H50S, or T70S, respectively. Wherever drawn, U2504 of D50S is red. Images of D50S, T70S, and H50S were generated from their coordinates (PDB ID codes 1NKW, 2J01, and 1S72, respectively).
1 of the guanine base is replaced by the imine lone pair of electrons located at the same position in adenine (Fig. S2q) . This substitution can result in repulsion between the imine nitrogen of the mutated A2032 and the carbonyl oxygen of C2055 pyrimidine ring. These interactions are likely to indirectly perturb the conformation and flexibility of the proximal U2504.
C2499, a 100% conserved nucleotide in eubacteria, is also located in the third layer. Assuming that the conformation of 2032 in B. hyodysenteriae resembles its conformation in D50S, the C2499A mutation should stabilize the mutated nucleotide A2032 (originally guanine) by a favorable polar attraction between the primary amine at position 6 of A2032 and the imine nitrogen of the nearby mutated A2499 (originally cytosine) (Fig. S2r) . The need for mutation in 2499 for the stabilization of 2032 in a conformation capable of pushing 2055 toward the PTC is further supported by the difference in the conformations of 2032 in T70S and D50S (Fig. 4G and Fig.  S2m ). It suggests that the unfavorable interactions with 2055, caused by the mutation G2032A without the compensating mutation C2499A, may stabilize 2032 in the T70S conformation. Therefore, the role of 2499 in resistance involves stabilizing the mutated 2032 in a conformation enabling repulsion of 2055, which ought to push 2504 toward the PTC and restrain its flexibility. Mutations in 2032 were observed in eubacteria, together with mutations of 2504 or 2499, as well as mutation in L3 Asn148Ser (29) . Whereas G2032AϩU2504G double mutation should lead to resistance, mainly because of U2504G mutation, G2032AϩC2499A should stimulate the mechanism proposed above (29) . The contribution of G2032A and C2499A double mutation for drug resistance in the later case is further supported by the reduced MIC of an identical bacterial strain that carries the same mutation in L3 protein but not the G2032A/C2499A double mutation (29) . The single example for mutation in 2032 causing linezolid resistance without the involvement of 2499 also fits with the general trait of resistance mediated by remote nucleotides.
The strategic position of U2504 at the A site and the cleft formed between it and the PTC rear wall serve as a hot spot for antibiotic binding (Fig. 4A and Fig. S2a ), but is less suitable to mediate resistance owing to its high conservation. However, U2504 possesses a significant level of flexibility, which seems to be used for acquiring pleuromutilin selectivity via remote interactions with less conserved components (16) . The similarities in the binding modes of all PTC antibiotics suggest that this mechanism can be extended to contribute to the selectivity of all 5 classes of clinically useful PTC antibiotics, in accord with the findings showing that the conformation of nucleotide 2504 affects the binding and resistance of PTC antibiotics even when the drugs are not in direct contact with it. Further support for this suggestion is the finding that 2504 acquires bacterial-like conformation in H50S when binding linezolid, despite the huge differences (3 orders of magnitude) in drug concentrations required for obtaining crystallographically suitable complexes of H50S (17) compared with D50S (18) .
An additional nucleotide that can affect U2504 is its covalently attached neighbor A2503 (m 2 A in E. coli) (54) , which is prone to methylation in eubacterial strains caring the resistance Cfr gene (21, 22, 25) . Supporting the suggestion that A2503 induces resistance indirectly is the finding that although chloramphenicol does not interact with A2503, alterations of A2503 lead to resistance probably through altered conformations of U2504 and G2061, in line with the finding that nucleotides that shape the antibiotics binding pockets determine the usefulness of bound antibiotics (9) (10) (11) .
Although most of the resistance mechanisms mediated by indirect contacts seem to hinge on U2504, in a few cases PTC antibiotics are hindered remotely by other nucleotides. Among these are the mutation G2576U that was suggested to hamper linezolid binding indirectly by nucleotides U2505 and U2506 (17, 23) in addition to U2504, as well as the resistance to the streptogramin A virginiamycin M 1 in the archaeon H. halobium by mutation in nucleotide A2059 (34) . An open issue is the case of chloramphenicol, for which resistance by nucleotides 2057, 2058, and 2062, located at the exit tunnel, was reported (35, 52, 55) similar to chloramphenicol location in the ribosome of archaeon H. marismortui (13) that possesses sequence-resembling ribosomes from eukaryote, contrary to chloramphenicol binding site in the PTC of the pathogen model D. radiodurans (3).
Resistance to Various PTC Antibiotics Mediated by the Same Nucleotides. The involvement of the same nucleotides in resistance to several antibiotic families of different chemical natures (Table S1 , Figs. 1, 2, and 3B, and Fig. S1 ) occurs presumably because of the overlapping binding sites of these drugs. Because only a limited pool of nucleotides belonging to the PTC rear wall and the tunnel entrance is used for acquiring resistance, the probability of inducing resistance to more than a single antibiotic family by altering a given nucleotide is fairly high. This effect is further enhanced by the potential flexibility and the central location of U2504, which amplifies its possible involvement in resistance to various PTC antibiotics by indirect perturbation of its conformation and flexibility.
Resistance and/or reduced susceptibility to different antibiotics include (i) E. coli carrying the mutation C2032A that confers resistance to chloramphenicol and clindamycin (52); (ii) G2057A in other E. coli strains that causes resistance to chloramphenicol and erythromycin (55); (iii) A2058G and A2058U in E. coli acquiring reduced susceptibility to chloramphenicol and resistance to clindamycin and erythromycin (52); (iv) A2062C that appears together with the mutation Ser20Asn in L4 r-protein confirmed resistance to both streptogramins and macrolides in an isolate of S. pneumoniae (35) .
Cross-resistance in the PTC was observed for linezolid and tiamulin in S. aureus following the mutation G2576U in all copies of 23S genes (23) . An example for potential clinical threat of cross-resistance in the PTC is the multidrug resistance phenotype mediated by the cfr rRNA methyltransferase. This gene encodes a methyltransferase that modifies the PTC nucleotide A2503, and is responsible for resistance to phenicols, lincosamides, oxazolidinones, pleuromutilins, and streptogramin A antibiotics, namely the PhLOPS A group (21, 22) . Remarkably, a clinical isolate of S. aureus was shown to carry this gene together with the ermB gene on the same chromosome (25) and in the same operon (24) . The expression of this operon, designated mlr for modification of large ribosomal subunit, resulted in a strain resistant to all clinically relevant antibiotics that target the large ribosomal subunit.
To conclude, cross-resistance is of great importance in light of the increasing use of diverse antibiotics families hitting the same, or a similar, target. Structural studies on resistance mechanisms to various clinically useful families of PTC antibiotics revealed that all share overlapping positions in the vicinity of the PTC rear wall and nucleotide U2504. Common traits of resistance to several antibiotic families showed that almost all of the 23S nucleotides mediating resistance cluster within a defined small region of the PTC confined by its rear wall. Furthermore, approximately half of the nucleotides implicated in PTC antibiotic resistance are not directly interacting with the bound drugs, but reshape the binding pocket indirectly via networks of remote interactions, most of which through the flexible nucleotide U2504.
The significant number of nucleotides associated with multiple resistance phenotypes for PTC antibiotics indicates a linkage between structure, function, and resistance to several antibiotics, some with immense clinical value. Hence, the common traits of resistance revealed by this study may be useful in the design of preferred chemical moieties. Thus, it is likely that rather than being confined to the PTC rear wall, designing new PTC antibiotics with capabilities to dock to additional PTC components provides a feasible strategy for decreasing the probability for cross-resistance between PTC antibiotics.
Materials and Methods
To perform general structural and statistical analysis, we used a database holding information on the nucleotides involved in resistance or reduced susceptibility to PTC antibiotics (Table S1 ). Because not every nucleotide associated with resistance to Ͼ1 family of antibiotics indicates cross-resistance, the analysis was based on a large database containing information from various resistance strains obtained in several different laboratories by diverse methods. This database includes information for each nucleotide, the antibiotics families affected by it, and the distance between it and the most proximal atoms of the bound antibiotic (excluding hydrogens). Structural analysis was based on crystal structures of complexes of D50S with antibiotics, including the phenicol chloramphenicol, the lincosamide clindamycin, the streptogramin A dalfopristin, the pleuromutilin tiamulin, and the oxazolidinone linezolid. Crystal structures of D50S with other pleuromutilins, methymycin, and lankacidin were not included as currently no resistance data are available for them. Biochemical data on antibiotics resistance in the archaeon H. halobium, and crystallographic data obtained for complexes of PTC antibiotics with the large ribosomal subunit from the archaeon H. marismortui that may resemble eukaryotes, were also included. Because all known pathogens are eubacteria, distances and data analyses were performed separately for eubacteria and for archaea. To enable excluding or including resistance determinants revealed solely for archaea information about the source was included. Calculations and database analysis were performed by MATLAB (MathWorks). In silico mutagenesis and structural analysis were performed by coot (56) and PyMol (57) . PyMol was also used for image rendering. PDB ID codes are shown when relevant.
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We thank all members of the ribosome group at the Weizmann Institute. Crystallographic data were collected at the Advanced Photon Source (Argonne, IL) and the European Synchrotron Radiation Facility (Grenoble, France). This work was supported by National Institutes of Health Grant GM34360 and by the Kimmelman Center for Macromolecular Assemblies. C.D. was supported by the Adams Fellowship Program of the Israel Academy of Sciences and Humanities and A.Y. holds the Martin and Helen Kimmel Professorial Chair. Fig. S1 . The centrality of the symmetrical region and the 2 perpendicular axes that define the planes confining the PTC regions that participate in antibiotic resistance. In all: images were captured perpendicular to the 2-fold symmetry axes (Right) and to the axes defined by the line connecting G2553 to G2251 (Left). The rRNA backbone is shown in gray, except for the symmetrical region, where the subregion containing the A loop (called A region), is colored blue and that containing the P-loop (the P-region) is shown in green. The imaginary 2-fold rotation axis is shown in red. The color code for substrate mimics and nucleotides involved in resistance is as in Fig. 2. (a) Two views of the large ribosomal subunit showing the centrality of the internal 2-fold symmetry region. The left side shows the large subunit as seen from its interface surface, and the right side is a view taken into the PTC. (b) The symmetrical region with the two imaginary axes relevant to cross-resistance. (Left) The 2-fold symmetry axis (in red). (Right) The line connecting G2553 to G2251, which divides the front and back walls of the PTC (in orange). The 2 pseudo-symmetry regions of the PTC, including the A loop and the P loop, are pale blue and green, respectively. Zooms into these views, in which the nucleotides involved in resistance or reduced susceptibility are depicted, are shown in Lower. 
